New driver laser system for the 0.1-Hz x-ray laser is described. The driver laser is based on CPA laser with Nd:glass power amplifier. By using flash lamp pumped zigzag slab amplifier, energy extraction of > 10 J can be obtained at 0.1-Hz operation. Pulse duration of the laser light after pulse compression is 3.6 ps. These energy and duration satisfy a condition for x-ray laser generation.
Introduction
Lasers in soft x-ray region have been obtained using high power laser. The gain medium of the x-ray laser is ionized plasma. The high power laser is used for generating such a plasma medium. The first demonstration of x-ray laser was given at the Lawrence Livermore National Laboratory in 1985.
The soft x-ray lasers at wavelengths of 20.6 nm and 21.0 nm from the neon-like selenium were obtained by 500 J/450 ps laser pulse from the NOVA laser. 1) After then, x-ray laser research was carried out with huge laser dedicated to the inertial fusion in the first decade.
In 1997 Nickles et al demonstrated x-ray lasing of neon-like titanium at a wavelength of 32.6 nm with only ten joules energy by taking a new pumping scheme so called transient collisional excitation (TCE). 2) The TCE scheme generates x-ray laser in two step manner; first ionized plasma (the ground state of x-ray laser transition) is generated by the irradiation of long duration prepulse. Then the pre-ionized plasma is quickly heated by intense short pulse laser (main pulse). In the quickly heated plasma, extremely large number of the population inversion is generated before the plasma becomes to be qusi-steady state. Consequently the high gain is obtained transiently. Typical life time of the gain in nickel like lasers is < 10 ps.
3)
The TCE scheme enables us to obtain the x-ray laser with laboratory scale high power laser, without huge laser. The TCE x-ray laser can become a powerful tool for several application researches, e.g. x-ray interferometry. For this reason, x-ray laser research in this decade has pursued intensively not only the lasing in shorter wavelength but also improvement of beam qualities. At Japan Atomic Energy Agency, x-ray lasers in the range from 46.9 nm (neon-like argon) to 8.8 nm (nickel-like lanthanum) have been obtained. [4] [5] [6] Especially for the nickel-like silver laser at a wavelength of 13.9 nm, we achieved intense output from the gain saturated region with 10 J, a few picoseconds pulse derived from CPA Nd:glass laser system. 4) And furthermore, fully spatial coherence has been achieved by means of the oscillator amplifier scheme. 7) Hereby we can say that we have obtained a laboratory-scale, powerful, short pulse coherent x-ray source. Now our interests are on application of the x-ray laser. Some kinds of application research, such as x-ray speckle measurement, 8) interaction with cluster, 9 ) and x-ray laser pump fluorescence, 10) have been already carried out.
The repetition rate of the x-ray laser is one of the most important issues when we conduct application research of the x-ray laser. Because our present system adopts a Nd:glass rod amplifier as the power amplifier in the driver system, 11) generation of the x-ray laser is limited to be every 20 minutes due to the cooling time of the rod glass. In order to carry out application research more practically, highly repeatable driver laser system is necessary. One of the candidates for the power amplifier is a zigzag slab Nd:glass amplifier. In the zigzag slab amplifier, thermal distortion effects are virtually cancelled therefore it can be used in higher repetition operation than the rod amplifier. We report in this paper a design of the new driver laser system using zigzag slab Nd:glass amplifier in the power amplifier. Preliminary results of energy extraction and pulse compression are also shown.
Design and Preliminary Results of New Driver Laser System for 0.1-Hz X-ray Laser
The driver laser system for 0.1-Hz x-ray laser bases on the CPA laser with zigzag slab Nd:glass amplifiers. Schematic flow diagram is shown in Fig. 1 . The driver laser system consists of the oscillator, pulse stretcher, OPCPA preamplifier, prepulse generator, zigzag slab Nd:glass power amplifier, pulse compressor, and optics for producing a line focus on the target. Two beam lines are necessary for the oscillator amplifier scheme. In this system the laser light is divided into two beams after the OPCPA. Following components are set up independently on each other. It is important to control the x-ray laser generation in the oscillator amplifier scheme that the prepulse condition and amplified energy for each beam can be decided separately.
The oscillator is a mode-locked Ti:sapphire laser pumped by 10-W diode-pumped solid state laser. The centre wavelength is 1053 nm and the spectral bandwidth is 20 nm in the full width at the half maximum (FWHM). The oscillation frequency is 80 MHz with typical power of 300 mW (~ 4 nJ / pulse). The pulse stretcher consists of a diffraction grating with 1740 grooves/mm, a spherical mirror with focal length of 1500 mm, flat mirror, and staring mirrors. A chirp of 250 ps/nm is generated by 4-path stretching. After the stretcher, spectral bandwidth is limited to be 8 nm by the optics size. Output power is 100 mW (~ 1 nJ/pulse).
The stretched pulse is amplified by OPCPA. The seed light and pumping light from YAG laser with intensity of ~100 MW/cm 2 are incident on a BBO crystal coaxially. Total gain over 10 6 is obtained by using four BBO crystals. The output energy from the OPCPA is a few mJ with the spectral bandwidth of 8 nm. The contrast ratio of the amplified laser pulse to the background is better then 10 4 . After the OPCPA the laser pulse is divided into two beams because two driver laser beams are required for the oscillator-amplifier scheme x-ray laser. Then each laser beam separately goes to following stages; prepulse generation, Nd:glass zigzag slab power amplifier, pulse compressor, and focusing system. Consequently irradiation conditions for the two targets can be controlled independently.
At the prepulse generation laser light is split into two pulses; one is for prepulse and the other is for the main pulse. Additional chirp is applied for the prepulse. Pulse separation between the prepulse and main pulse is adjusted by a delay line in the main pulse path. Then two laser pulses are combined with a beam splitter and goes to the power amplifier.
The main power amplifier consists of two Nd:glass zigzag slab amplifiers. The first amplifier is used to amplify the laser light with beam size of 10 x 10 mm 2 . The laser glass is a silica-phosphate with 1.0 wt.% Nd concentration, 15 x 17 mm 2 cross-section and 99 mm length. Both the incident faces are 89-degrees tapered and covered with antireflection coating. The laser light enters at the incident angle of 28 degrees (along to the taper) or 25 degrees (opposite to the taper) and exits by two bounces in the laser glass. The laser glass is pumped by 8 xenon flash lamps (4 lamps on each side) from the side faces. The first amplifier is put into an image-relay cavity consisting of spherical lens pair and flat end mirrors. After the laser light is amplified up to ~ 1 J by multi-pass amplification in the cavity, it is extracted by means of polarization control using a pockels cell and a polarizer. Then the laser light is expanded to be 90 x 10 mm 2 by cylindrical lenses and goes to the second zigzag slab amplifier. Material and procedure of incident faces of the laser glass in the second amplifier are same as those of the first amplifier's. The dimensions are 110 x 17 mm 2 cross-section and 205 mm length. Here 24 xenon flash lamps (12 lamps on each side) are used for pumping the glass. The front faces of the first and second zigzag slab amplifiers are shown in Fig.2 . The laser glass and flash lamps are fixed in a housing and cooled by flowing water. The stored energy density estimated from the small signal gain for each amplifier is 0.3 J/cm 3 . Details of these amplifiers are described in Ref. 12 . Figure 3 shows a preliminary result of amplification at 0.1-Hz repetition rate for 30 contiguous shots. The mean energy is 10.7 J with fluctuation of ~ 7% in the root mean square. Then the amplified laser light is reshaped by cylindrical lenses to be 80 x 80 mm 2 while going to the pulse compressor.
The pulse compressor consists of three diffraction gratings with 1740 grooves/mm and flat mirrors, shown in Fig.4 . Here laser lights of the two beam lines are located vertically. The second grating is used for second and third diffractions. Only the third (final) grating is set in vacuum. Figure 5 shows the temporal shape of the compressed main pulse measured by a streak camera. Considering the temporal resolution of the streak camera, 2 ps, pulse duration of the main pulse is 3.6 ps in FWHM. Although the duration can be adjusted shorter ideally, the obtained duration, 3.6 ps, is better for the x-ray laser generation than shorter duration. Then the compressed laser lights are focused on the targets in a line shape by means of on-axis parabolic mirrors. A tape target system is adopted in order to set a new irradiation surface within 10 seconds.
Summary
We describe the design of the new driver laser system dedicated to the 0.1-Hz x-ray laser and preliminary results on energy extraction and pulse compression using a prototype system. The laser system is based on the CPA with Nd:glass amplifiers. In order to achieve the repetition rate of 0.1 Hz, we adopt zigzag slab amplifiers for the power amplifier. The mean energy output of 10.7 J with fluctuation of ~ 7% in root mean square at 0.1-Hz operation is obtained. The laser pulse is compressed to be 3.6 ps. These energy and pulse duration satisfies a condition of x-ray laser generation. A total performance test of the 0.1-Hz x-ray laser using this driver laser system with a tape target system is going to be conducted. Fig.4 The pulse compressor. Four-path compression is made by three diffraction gratings for each beam. The second grating is used for second and third diffractions. 
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